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ARTICLE INFO ABSTRACT

Keywords: The aim of this work was to develop a simple, fast and reagent-free method for the prediction of total phenolic
Fluorescence spectroscopy content (TPC) and selected phenolic compounds in Slovak botrytized Tokaj wines based on spectral data and
HPLC . partial least squares (PLS) regression. The significant variables for the prediction using PLS were obtained by
Sjiir:omemcs evaluating the variable importance in projection (VIP). Folin-Ciocalteu and HPLC, respectively, were used as
Total phenolic content reference methods for the determination of TPC and selected phenolic compounds. Using UV-vis and excitation-
Phenolics emission matrix (EEM) fluorescence spectra recorded on the bulk and diluted samples, the calibration models for

TPC were developed and compared. The best PLS model with relative predictive deviation (RPD) of 5.8, coef-
ficient of determination (R2) of 0.972 and root mean squares error (RMSE) of 20.2 mg /L was based on the
variables selected from unfolded EEM fluorescence spectra of diluted samples. Using unfolded EEM fluorescence
spectra recorded on the diluted samples and VIP, the PLS calibration models for gallic, protocatechic, caffeic and
p-coumaric acids and (+)-catechin were obtained with RPD > 4.0 and R2 > 0.9. The RMSE values were 0.7, 0.5,

0.3, 0.2 and 1.0 mg/L for gallic, protocatechic, caffeic and p-coumaric acids and (+)-catechin, respectively.

1. Introduction

Wine, an alcoholic beverage obtained from fermented grape juice,
has been produced for millennia, resulting in the diverse styles of wine
currently available. Wine styles are often related to the unique
geographical and climatic conditions in which they originated. Botry-
tized wines are rarely produced in the regions where geographical and
climatic conditions allow the fungus Botrytis cinerea to produce a specific
fungal infection of the grape called noble rot [1,2]. In the Tokaj region,
by mixing noble rotten grape berries and grape fermenting must or
young wine (with a sugar content of at least 21 kg/100 L), a high-quality
botrytized wine called Tokaj selection is produced. The quality and price
of the Tokaj selection depends on the number of butts added to 136 L of
must, where 1 butt represents approximately 25 kg of noble rotten grape
berries. The wines are graded from 2 to 6 butts. Tokaj selection shall
mature at least three years in a specific microclimate, which, together
with the effects of the Botrytis cinerea, gives a typical aroma, taste and
color to wine [3,4]. In addition, Tokaj selections must be made from
strictly defined white wine grape varieties, Lindenblaetrige, Yellow
Muscat and Furmint [3-5].

A total phenolic content (TPC) of white wine expressed as gallic acid
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(GAE) varies in the range of 180 to 280 mg GAE/L depending on the
aging time [1]. Bajcan et al. [6] found that the TPC of Slovak Tokaj
wines of varieties Lindenblaetrige, Yellow Muscat and Furmint was 490,
526 and 405 mg GAE/L, respectively. Compared to other white mono-
varietal wines, Tokaj wines had both higher TPC and higher antiradical
activity. Because the primary source of phenolic compounds in most
wines is berry skin, botrytized wines made by macerating berries in
fermented must or young wine contain more or less increased amounts
of phenolics depending on the duration of maceration compared to
normal wines [1]. For example, Hungarian Tokaj botrytized wines
contained twice the total phenolics compared to non-botrytized ones
[7]. Ballova et al. [8] found the TPC higher in Slovak Tokaj 6 and 5 butt
wines than in the non-botrytized wines. In addition to the high phenolic
content, all Slovak Tokaj wines showed high antiradical activity (against
DPPH radical) ranging from 58 % in Furmint to 78 % in 6 butt wine [9].

The most widely used and cited method for determining the TPC in
food and beverages is spectrophotometric Folin-Ciocalteu (FC) method
[10,11]. It is the official method of analysis of the Association of Official
Analytical Chemists [12] for estimating of total soluble phenolic content
in dietary supplements and the standard procedure adopted by the In-
ternational Organisation of Vine and Wine (OIV) for wine analysis [13].
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Although the method is widely accepted, it requires chemicals and time
to complete the reaction, and solutions containing the FC reagent are
toxic and must therefore be disposed of as hazardous waste. To over-
come these drawbacks, the combinations of spectrometric methods with
chemometrics to predict different physicochemical parameters,
including TPC, are increasingly being investigated.

UV-vis spectroscopy was used in estimating the TPC in red wines
[14,15], sparkling wine press juice fractions [16], white and red grape
vinegers [17] and apple juices [18]. Compared to infrared (IR) spec-
troscopy, UV-vis spectroscopy provided better results (higher coeffi-
cient of determination (R2) and lower root mean squares error (RMSE))
for apple juices [18]. In contrast, the results obtained by both methods
were similar for white and red grape vinegars, and fusion of data from
both methods was preferred [17]. Because many of the components
contributing to the TPC show fluorescence, another popular method is
fluorescence spectroscopy, which provides a wide variety of input data
to chemometric models: individual emission spectra [19], unfolded
excitation-emission matrix (EEM) fluorescence spectra [20-22],
selected pairs of excitation and emission wavelengths [20,21], individ-
ual synchronous fluorescence spectra [23] and fused synchronous
fluorescence spectra [24]. Thus, fluorescence spectroscopy allowed the
prediction of TPC in beer [24], cachaca [20], red wine [22), plum
extract [19] and tea [21,23].

Unlike a variety of spectroscopic techniques, one chemometric
method, partial least squares (PLS) regression, is preferred to develop
calibration models between spectra and the TPC, or each of the other
chemical parameters [14-24]. Five vinegar processing parameters
including Brix, TPC, total flavonoid content (TFC), titratable acidity
(TA) and pH were successfully predicted from PLS models of combined
UV-vis and MIR datasets (R2 > 0.97) [17]. In a comparative study, PLS
models with a good predictive ability were obtained for several apple
juices quality parameters mostly by using a fusion of various spectra:
soluble solids content (SSC) (UV-vis-NIR), TA (UV-vis-NIR), SSC/TA
(Vis-NIR), pH (Vis-NIR), TPC (UV-vis) and TFC (UV) (R2 > 0.80) [18].
Considering emission spectra recorded at an excitation wavelength of
280 nm on plum extracts, PLS model provided good results about
quantification of epicatechin with R2 value of 0.89 [19]. Synchronous
fluorescence spectra obtained at wavelength interval of 20 nm associ-
ated with PLS were a rapid way to monitor TPC in non-fermented tea
((R2 > 0.96) [23]. Combining excitation-emission matrices with an
unfolded PLS methodology, the selected models for TPC achieved R2
above 0.99 and 0.95 in aged cachaca [20] and tea [21] samples,
respectively. The use of variable selection tool significantly decreased
the number of variables and improved RMSE [20,21].

To summarize, information on the phenolic composition of botry-
tized wines is relatively rare and information on Slovak Tokaj wines is
almost non-existent in the literature. The aim of this work was to
develop a simple, fast and reagent-free method for the prediction of TPC
as well as selected phenolic compounds in Slovak botrytized Tokaj wines
using spectral data and PLS. Using UV-vis and unfolded EEM fluores-
cence spectra recorded on the bulk and diluted samples, the calibration
models for TPC were developed and compared. Unfolded EEM fluores-
cence spectra of diluted samples were the basis for the determination of
gallic, protocatechic, caffeic and p-coumaric acids and (4)-catechin. FC
and HPLC, respectively, were used as reference methods for the deter-
mination of TPC and individual phenolic components.

2. Material and methods
2.1. Wine samples, standards and reagents

Forty-six botrytized wine samples from the Slovak Tokaj region were
analyzed: 3 of two butt, 8 of three butt, 8 of four butt, 13 of five butt and
14 of six butt wines. Wines of the vintages ranging from 1959 to 2016
were obtained from three local producers (Tokaj wineries Ostrozovic
spol. s r.0., Anna Nagyova-ZLATY STRAPEC and Tokaj & Co., s.1.0.).
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Samples were stored at 4 °C in dark and equilibrated at 20 °C before
analysis. Bulk samples were analyzed by UV-vis and fluorescence
spectroscopy and HPLC, while a 100-fold and 500-fold dilution was used
to record UV-vis and fluorescence spectra, respectively. Water purified
by a Milli-Q system (Millipore, USA) was used for all dilutions.

Caffeic acid, caftaric acid, gallic acid, p-coumaric acid, protocatechic
acid, (+)-catechin, sodium carbonate and Folin-Ciocalteu reagent were
purchased from Sigma Aldrich Chemie (Steinheim, Germany). Methanol
and ethanol (HPLC gradient grade), acetic acid (99 %) were purchased
from Merck (Darmstadt, Germany).

2.2. Determination of TPC by Folin-Ciocalteu method

The determination of TPC was based on a microscale protocol
described by Waterhouse [11], using the Folin—Ciocalteu reagent [10]
and gallic acid as standard. To prepare a stock solution of gallic acid,
0.5000 g of standard was dissolved in 10 mL of ethanol and then diluted
to 100.0 mL with water. The stock solution was stored for one week
under refrigeration at 4 °C. Gallic acid calibration solutions in the
concentration range of 50 to 500 mg/L were daily prepared by diluting
1.0 mL to 10.0 mL of the stock solution into 100.0 mL with water. For the
analysis, 20 pL of gallic acid calibration solution (50-500 mg/L) or wine
solution (usually fourfold diluted bulk wine), 1.58 mL of water and 100
pL of Folin-Ciocalteu reagent were mixed and incubated 5 min. Then
300 pL sodium carbonate solution (20 %, w/v) was added and mixed,
and after 2 hr incubation at room temperature, the absorbance of the
mixture was measured at 760 nm with 10 mm glass cell (2-mL). Each
calibration or wine solution was analyzed in triplicate and the total
phenolic content was expressed as milligrams of gallic acid equivalents/
liter of bulk wine (mg GAE/L wine). Bulk botrytized wine must be
diluted with water (usually fourfold) to fall into the calibration range of
the standard.

2.3. UV-vis and fluorescence spectroscopy

UV-vis absorption spectra of bulk (200-700 nm, each 1 nm) and
diluted (200-500 nm, each 1 nm) wine samples were recorded using UV
1800 Spectrophotometer (Shimadzu, Japan), quartz cell of 10 mm,
scanning speed of 200 nm/min and software UV PROBE 2.33. The three
UV-vis spectra for each sample were averaged, and the mean spectra
were used to chemometric analysis.

Fluorescence spectra were obtained using the Perkin-Elmer LS 50
Luminescence Spectrometer (Perkin-Elmer, USA), quartz cell of 10 mm,
the widths of both the excitation slit and emission slits of 5 nm, a
scanning speed of 200 nm/min and FL Data Manager Software for
spectral acquisition and data processing. Fluorescence measurements
were done in triplicate for each sample.

The fluorescence spectra of bulk samples were recorded in the
emission wavelength (Aey) range of 250-600 nm at excitation wave-
length (Aey) in the range of 250-500 nm, spaced by 10 and 1.0 nm in-
tervals in the excitation and emission domains, respectively. For the
emission spectra of diluted samples, the A¢y, range was from 250 to 500
nm, and the A¢, range was from 250 to 400 nm, spaced by 10 and 1.5 nm
intervals in the excitation and emission domains, respectively.

2.4. Determination of individual phenolic compounds by HPLC

The HPLC analyses of wine samples were carried out using a liquid
chromatograph Agilent 1200 Series (Agilent Technologies, USA) con-
sisting of binary pump, degasser, injection valve and diode array de-
tector (DAD). Chromatographic column Nucleodur Phenyl-hexyl (250
mm x 4 mm L.D., 5 pm) was used for separation phenolic compounds.
The mobile phase consisting of 1 % acetic acid (solvent A) and meth-
anol/water (8:2 v/v, containing 1 % acetic acid; solvent B) was pumped
at flow rate 1.0 mL/min. The gradient program of mobile phase was as
follows: linear gradient from 0 % B to 40 % B in 12 min, held at 40 % B in
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3 min, increased to 50 % B in 3 min, changed to 100 % B in 2 min, held at
100 % B in 5 min, and finally held at 0 % B in 4 min to equilibrate the
column. The column temperature was maintained at 25 °C and injection
volume was 20 uL. The spectrophotometric detector was set at 280 nm
and spectra were recorded in wavelength interval 190-400 nm. The
retention times of gallic acid, protocatechic acid, caftaric acid,
(+)-catechin, caffeic acid, p-coumaric acid, were 7.3 min, 11.0 min,
13.5 min, 14.5 min, 16.2 min, 20.8 min, respectively (RSD < 0.9 %). The
LOQ values ranged from 0.5 to 1.3 mg/L and working concentration
range was from 1.5 to 50 mg/L (R% 0.9896-0.9972) for caffeic, p-cou-
maric and protocatechic acids and it was from 1.5 to 100 mg/L (R?
0.9921-0.9951) for gallic acid, caftaric acid and (+)-catechin.

2.5. Chemometric analysis

Data were visualized and processed with the Microsoft Excel 2018
(Microsoft Office, USA), OriginPro 2018 (OriginLab Corporation, USA)
and STATISTICA version 12 (StatSoft, USA). Pre-processing of spectral
data was performed using Microsoft Excel 2018. Wavelength regions
containing only noise were removed from the UV-vis spectral data,
resulting in 251 variables covering the ranges from 400 to 650 nm and
from 230 to 480 nm for bulk and diluted samples, respectively. Pre-
processing of fluorescence spectral data followed three steps of strat-
egy described by Gongalves Carvalho et al. [21], which deleted regions
that were not related to fluorescence emission: (1) regions where Aep
was shorter than Aex (Aem < Aex), (2) regions of the first and the second-
order Rayleigh scattering, (3) regions above the second-order Rayleigh
scattering (Aem > 2Aex). The remaining data were unfolded into a two-
dimensional matrix (number of samples x number of Aey times num-
ber of A¢x). Based on our previous work [25], a A¢x ranged from 320 to
500 nm with a step of 20 nm was used for bulk samples and Ay ranged
from 260 to 350 nm with a step of 10 nm for diluted wines, resulting in
matrices of (49 x 1022) and (49 x 1000) for bulk and diluted samples,
respectively. Then all spectral data sets were pre-processed by a mean-
centering algorithm.

PLS regression [26] was done using STATISTICA version 12 (Stat-
Soft, USA). Leave-one-out cross-validation was applied to all of the PLS
regression models. Minimum root mean squared error of leave-one-out
cross-validation (RMSECV) was used to select the optimum number of
latent variables (LVs). The resulting PLS characteristics, number of LVs,
root mean squares error of calibration (RMSEC), root mean squares error
of cross-validation (RMSECV), coefficient of determination of calibra-
tion (RZC), coefficient of determination of cross-validation (RCV) and
relative predictive deviation of cross-validation (RPDCV) were used to
evaluate and compare the predictive capabilities of the PLS models [27].
RPD values were interpreted according to Nicolai et al. [27]: a model
with RPD in the range of 1.5 to 2 can discriminate low from high values;
a value in the range of 2.0 to 2.5 indicates coarse quantitative predic-
tion; a value in the range of 2.5 to 3.0 is typical for good prediction; a
value above 3.0 is reported for a model with excellent prediction
accuracy.

PLS models based on UV-vis and unfolded EEM fluorescence spectral
data were developed for determination of TPC in bulk and diluted
botrytized wines. FC was used as reference method for the determina-
tion of TPC. The results of HPLC analyzes of wines were used in the
development of PLS models for the determination of gallic, proto-
catechic, p-coumaric and caffeic acids and (4)-catechin based on
unfolded EEM fluorescence spectral data of diluted wines.

In order to simplify the PLS models and possibly improve the pre-
diction, the significant variables for the prediction using PLS were ob-
tained by evaluating the variable importance in projection (VIP) [28]
using the OriginPro 2018 software. Usually, variables with a VIP value
greater than 1 are selected for the final PLS model. However, if there are
many variables in the data set with VIP > 1, a higher threshold can be
chosen [29]. Therefore, in addition to the VIP value of 1, other thresh-
olds were tested in this study until no more improvement of the model
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was achieved. Only the best sets of variables and the corresponding PLS
results are presented in this work.

3. Results and discussion
3.1. TPC by Folin-Ciocalteu method

The TPC of Slovak Tokaj selection wines, determined by the Folin-
Ciocalteu method, ranged from 370 to 1223 mg GAE/L with an
average of 626 mg GAE/L (Table 1). The variability among samples,
expressed by the value of standard deviation (SD) of 160 mg/L (Table 1),
was high compared to the SD for three replicates, which was 9 mg/L.
The origin of the wines from three producers and the wide interval of
years of wine production can be the reason for the high variability
among samples [1,7].

The average TPC increased with increasing number of butts, for
example, the relative increase for 6 butt wines was 44 % in relation to 2
butts. However, this may not be true when comparing individual wine
samples, as the TPC ranges were 492-658, 370-1029, 475-895,
530-1070 and 450-1223 mg GAE/L for 2, 3, 4, 5 and 6 butt wines,
respectively. In addition, the p-value slightly exceeded the significance
level (), specified as 0.05, leading to acceptance of a null hypothesis:
there is no statistically significant difference between the means for 2, 3,
4, 5 and 6 butt wines. The average TPC of Tokaj selection wines was
higher than the averages for Tokaj varietal wines found in the literature
(mean =+ SD: 490 + 70, 526 + 43 and 405 + 49 mg GAE/L for Linden-
blaetrige, Yellow Muscat and Furmint, respectively) [6].

Other researchers reported diverse values of TPC in Hungarian
botrytized Tokaj wines. Nyitrainé et al. [30] determined 650-750
mg GAE/L in 5 butt wines and 590-670 mg GAE/L in 6 butt wines of the
same vintage (1999). Compared to Slovak Tokaj wines, the average TPC
was similar for 5 butt wines and significantly smaller for 6 butt wines.
Pour Nikfardjam et al. [7,31] expressed the TPC as the equivalent of
catechin, so the values cannot be directly compared with the results
shown in Table 1. The TPC in 5 butt Hungarian Tokaj wines from vin-
tages between 1993 and 1999 ranged from 621 to 1403 mg catechin/L
(mean + SD, 869 + 263 mg catechin/L), lower value of 609 mg cate-
chin/L was observed in single sample of 6 butt wine from vintage 1981.
The German botrytized wines had much lower concentrations: from 248
to 747 mg catechin/L (441 + 146 mg/1) [7].

3.2. Individual phenolic compounds by HPLC

Gallic, protocatechic, caffeic, p-coumaric and caftaric acids and
(+)-catechin were determined in Tokaj selection wines by HPLC
(Table 1). The TPC determined by FC method was significantly posi-
tively correlated with caffeic acid and p-coumaric acid, with R values of
0.742 and 0.693, respectively. A smaller correlation was observed be-
tween TPC and catechin, gallic, caftaric and protocatechic acids, with R
values of 0.556, 0.429, —0.204 and 0.066, respectively. The contents of
protocatechic, caffeic, caftaric and p-coumaric acids and catechin did
not differ significantly for 2, 3, 4, 5 and 6 butt wines (p-value > a at a =
0.05) (Table 1). On the contrary, the gallic acid content was significantly
different (higher) in the 2 butt wines compared to the remaining wines
(p-value < a at @ = 0.05). Catechin was the most abundant phenolic
compounds in Tokaj selection wines. Other authors reported diverse
values of phenolics in Hungarian botrytized Tokaj wines, mostly of an
order of magnitude similar to those found in the present work (Table 1)
[30-32]. Pour Nikfardjam et al. [31] reported that the most important
phenolic compounds in Furmint and Lipovina (base wines for Tokaj
wine production) were catechin and caftaric acid and that some of the
Tokaj Aszi 5 butt wines showed high content of caftaric acid.

3.3. UV-vis and fluorescence spectra

The average UV-vis spectrum of bulk samples was characterized by
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Table 1
Phenolic content in botrytized wine.
Wine TPC Gallicacid (mg/  Protokatechic acid (mg/  Caffeic acid (mg/  p-Coumaric acid Caftaric acid (mg/  (+)-Catechin (mg/ References
(mg GA/ L) L) L) (mg/L) L) L)
L)
Two butt 575 + 196 30.4 + 8.5 35+21 11.4 £ 0.4 35+05 52.6 £13.9 30.9 +£21.3 This work
Three butt 599 + 229 11.0 + 6.3 24+3.7 6.4 + 2.0 25+0.7 41.8 £ 10.6 30.4 £14.3 This work
Four butt 613 + 138 11.3 +8.7 1.7 £ 0.5 8.3+ 3.3 3.2+ 09 30.5 +£17.2 45.0 £+ 40.3 This work
Five butt 675 + 151 151 +7.2 20+1.7 8.1+42 33+1.4 21.3 £334 41.5 + 375 This work
Six butt 826 + 259 13.3+ 4.5 22+23 8.7 +29 43+1.3 10.3 £ 27.2 28.7 £16.7 This work
Mean + 626 + 160 13.1+7.0 20+1.9 8.1+3.3 34+13 15.3 + 34.1 38.0 £ 31.9 This work
SD
p-value 0.077 0.032 0.821 0.546 0.169 0.255 0.819 This work
Four butt n.a. n.a. n.a. n.d. n.d. 26.4 32.9 [30]
Five butt 958 + 6.5+ 3.4 51+1.3 1.0 48 +1.2 12.2 £15.2 9.0 £10.0 [31]
333*
Five butt n.a. 10-20 1-5 0.1-1 n.a. n.a. 1-5 [32]
Five butt 700 + 100 n.a. n.a. 55.8 n.d. 9.8 +4.4 25.2 +22.2 [30]
Six butt 609* 0.9 7.2 n.d. 2.6 n.d. n.d. [31]
Six butt n.a. 5-10 1-5 0.1-1 n.a. n.a. 5-10 [32]
Six butt 620 + 100 n.a. n.a. n.a. n.a. n.a. n.a. [30]

* TPC given as mg catechin/L; n.a. — not analysed; n.d. — not detected; SD — standard deviation (variability among samples).

out-of-range absorbance in the wavelength range of 200 to 360 nm
(Fig. 1A). At longer wavelengths, only a decrease in absorbance was
observed without significant spectral features. The band at 280 nm and
the shoulder in the range of 330 to 340 nm of the average UV-vis
spectrum of the diluted samples (Fig. 1B) corresponded to the phenolic
components (hydroxybenzoic acids as gallic and protocatechic acids,
250-300 nm; hydroxycinnamic acids as caffeic, caftaric and p-coumaric

4 -
34
(0]
o
c
©
£ 21
(o]
1]
Q
<
14
0 T ; ; . ]
200 300 400 500 600 700
A (nm)

500

400

Lex (nm)

300

300 400

rem (nm)

500

600

Absorbance

acids, 230-245 nm and 310-330 nm; catechins, 280 nm; flavonols,
250-270 and 350-390 nm), among others [33].

An average EEM spectrum of all bulk wines is shown in Fig. 1C. Bulk
wines presented strong fluorescence in the A¢x range of 390 to 500 nm
and Aem of 450 to 590 nm. Excitation and emission maxima were
observed around 460 and 530 nm, respectively. Bulk samples had a
significant absorbance at both the excitation and emission wavelengths
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Fig. 1. Average UV-vis spectra (A, B) and contour plot of average excitation-emission matrix fluorescence spectra (C, D) of bulk (A, C) and diluted (B, D) Tokaj

selection wines.
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(A > 0.1 at A < 650 nm, Fig. 1A). Therefore, the fluorescence spectra of
bulk wines were affected by an inner-filter effect, which is an apparent
decrease in fluorescence intensity and/or a distortion of the band shape
due to attenuation of excitation beam at the point of observation and/or
reabsorption of the emitted radiation [34]. According to our previous
results, an inner-filter effect can be suppressed by diluting the wine
samples 500 times [25]. An average EEM spectrum of all diluted wines is
shown in Fig. 1D. Diluted wines presented fluorescence in the Ax range
of 250 to 350 nm and Aep of 320 to 450 nm. An intense band was
observed at Ay and ey around 270-280 nm and 350 nm, respectively,
and a weak band with excitation and emission at about 300-310 and
430-440 nm, respectively. Fluorescence spectra were similar to those
previously described for phenolic acids (gallic acid, Aex/Aem at 280/360
nm; protocatechic acid, 270/350 nm; caffeic acid, 262,325/426 nm;
caftaric acid 290, 325/440 nm, p-coumaric acid 290, 309/404 nm) and
catechin with Aex/Aem at 280/310 nm [25,35,36].

3.4. TPC by PLS models of UV-vis and unfolded EEM fluorescence
spectral data

PLS regression models were developed to predict TPC using indi-
vidual UV-vis and unfolded EEM fluorescence spectral data recorded on
bulk and diluted samples. The characteristics of the PLS models obtained
in calibration and leave-one-out cross-validation are presented in
Table 2.

Using all 251 variables in the UV-vis spectral ranges of 400-650 nm
and 230-480 nm for bulk and diluted samples, respectively, resulted in
the full PLS models with coarse quantitative accuracy as the RPD value
was less than or equal to 2.5 [27]. Slightly better results, higher RPD and
R2 values and lower RMSE value, were observed for the diluted samples.
Fig. 2 shows VIP score plots where three wavelength regions with VIP
scores >1 were identified: 400-446, 462-511 and 640-650 nm for bulk
samples, and 230-244, 283-299 and 310-353 nm for diluted samples.
Thus, 108 and 76 variables were selected for bulk and diluted samples,
respectively, and the new PLS models were calculated on the basis of the
selected variables. An increase in R2CV and RPDCV values and a
decrease in RMSECV values were observed (Table 2), confirming that
after selecting the most relevant variables, model complexity was
reduced and prediction improved, especially for diluted samples. The
RPD value of 3.8 indicated an excellent PLS model [27] for TPC deter-
mination using diluted wines. Corresponding RMSECV value of 25.2 mg
GAE/L (Table 2) was lower than that described for TPC prediction based
on UV-vis spectral data in red wine (RMSECV = 130 mg GAE/L) [15],
white and red grape vinegar (RMSECV = 96 mg GAE/L) [17] and apple
juice (60 mg GAE/L) [18]. In contrast, Longo et al. [16] reported a lower
RMSECYV value (20-25 mg/L) for wine juice, but using all peaks recor-
ded at UV absorbance wavelength of 280 nm eluting between 5 and 10
min from the HPLC system to obtain TPC reference values, not the FC
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method. The best RPD value was 3.8 for Tokaj selection wine (Table 2).
Other authors reported RPD values of 2.3, 2.7 and 3.8 for grape vinegar
[17], apple juice [18] and wine juice [16].

The PLS models using all variables (1022 or 1000) of unfolded EEM
fluorescence spectra provided a good predictive accuracy expressed by
RPD values > 2.5, which was a better result compared to the full PLS
models of UV-vis spectra. The improvement of RMSECV and R2CV
values compared to UV-vis spectroscopy was also significant, mainly in
the analysis of bulk samples. Because such PLS models contained a large
number of variables, the variable selection method was tested, and the
resulting VIP score contour maps are shown in Fig. 2. One wavelength
range with high VIP scores was found for the bulk samples (Fig. 2C),
with the highest VIP score (2.3) at the Ay of 480 nm and the Aep, of 510
nm. Using a threshold value of 1.6, (Fig. 2C), a total of 92 out of 1022
variables in the Ay range of 460 to 500 nm and the A, range of 495 to
542 nm were selected. After applying the variables in PLS, a model with
R2CV of 0.956, RMSECYV of 20.5 and RPDCYV of 4.8 was obtained. Unlike
bulk samples, the 150 significant variables for PLS modeling of diluted
samples came from two wavelength regions: (1) Aex from 260 to 270 nm
and Aer, from 330 to 420 nm with a VIP maximum at Aex/Aem Of 270/360
nm and (2) Aex from 290 to 300 nm and Aep, from 360 to 420 nm with a
VIP maximum at Aex/Aem Of 300/380 nm (Fig. 2D). After selecting the
most significant variables, a PLS model was obtained characterized by
high values of R2C of 0.980 and R2CV of 0.972 and low values of RMSEC
of 19.4 and RMSECV of 20.2 with RPDCV of 5.8.

A comparison of the results in Table 2 leads to the conclusion that the
performance of the models depended on the type of spectra and samples,
and the number of variables used. In all cases, VIP simplified the PLS
models and improved the prediction of TPC. Considering VIP-based PLS
models, RPD values were higher for unfolded EEM fluorescence spectra
compared to UV-vis spectra, but the PLS model for diluted samples
included more variables (150) selected from fluorescence spectra. In
both spectrometric methods, diluted samples were preferred over un-
diluted ones. As a result, the best models had the R2CV values > 0.9, the
RMSECV values ranged from 20 and 25 mg GAE /L and RPDCV values >
3.8. The number of articles on the determination of TPC in wine using
fluorescence spectroscopy is limited. TPC in red wine was predicted
using excitation-emission matrix in the Ay, range of 370 to 400 nm and
Aex range of 260 to 460 nm with R2CV value of 0.77, RMSECV value of
7.4 mg GAE/L and RPDCV value of 2.1 [22].

3.5. Individual phenolic compounds by PLS models of unfolded EEM
fluorescence spectral data

Using unfolded EEM fluorescence spectra recorded on diluted sam-
ples, PLS models were developed to predict gallic, protocatechic, caffeic
and p-coumaric acids and (+)-catechin contents. The characteristics of
the PLS models obtained in the calibrations and leave-one-out cross-

Table 2
PLS models based on UV-vis and EEM fluorescence spectral data for determination of total phenolic content.
Calibration Validation
Sample Spectral data Algorithm Variables LV R2C RMSEC R2CV RMSECV RPDCV
Bulk UV-vis PLS 251 10 0.822 60.4 0.803 63.4 2.3
VIP-PLS 108 0.856 51.3 0.848 52.7 2.6
Diluted UV-vis PLS 251 9 0.879 45.8 0.845 47.5 2.5
VIP-PLS 76 4 0.939 24.9 0.930 25.2 3.8
Bulk EEM PLS 1022 9 0.919 28.3 0.900 28.4 3.2
VIP-PLS 92 2 0.968 20.3 0.956 20.5 4.8
Diluted EEM PLS 1000 6 0.865 32.0 0.861 34.0 2.7
VIP-PLS 150 3 0.980 19.4 0.972 20.2 5.8

RMSEC, RMCESV (mg/L).
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Fig. 2. Variable importance in projection (VIP) derived from the PLS model on the prediction of total phenolic content (TP) in Tokaj selection wines. (A, B — UV-vis;
C, D — fluorescence; A, C — bulk wine; B, D — diluted wine). The thick black line indicates the threshold value of VIP score.

validations are shown in Table 3. Considering all five target compounds
and all 1000 variables, the PLS models using the first 7-9 LVs achieved a
good performance expressed by values of R2CV > 0.89 and RPD > 3.0,
with the best characteristics observed for p-coumaric acid.

After applying variable selection method, PLS models for the four
target compounds (gallic, protocatechin, caffeic acids and (+)-catechin)

were calculated using 2 LVs, and one compound (p-coumaric acid)
required 3 LVs. Compared to full PLS models, the variable selection
method brought a significant decrease in the number of LVs. Addition-
ally, an increase in R2CV and RPD values above 0.94 and 4.0, respec-
tively, was observed. Contour plots of the VIP scores with marked
threshold values are shown in Fig. 3 for the target compounds. For gallic

Table 3
PLS models based on EEM fluorescence spectral data for determination of gallic, protocatechic, caffeic and p-coumaric acids and (+)-catechin content.
Calibration Validation
Compound Algorithm Variables LV R2C RMSEC R2CV RMSECV RPDCV
Gallic acid PLS 1000 7 0.895 0.8 0.886 0.9 3.0
VIP-PLS 77 2 0.957 0.6 0.961 0.7 5.0
Protocatechic acid PLS 1000 8 0.924 0.6 0.911 0.7 3.3
VIP-PLS 56 2 0.962 0.4 0.955 0.5 4.7
Caffeic acid PLS 1000 8 0.951 0.3 0.940 0.3 4.0
VIP-PLS 920 2 0.962 0.2 0.948 0.3 4.4
p-Coumaric acid PLS 1000 9 0.964 0.2 0.956 0.3 4.8
VIP-PLS 113 3 0.975 0.1 0.963 0.2 5.2
(+)-Catechin PLS 1000 7 0.927 1.0 0.921 1.2 3.5
VIP-PLS 46 2 0.949 0.9 0.940 1.0 4.1

RMSEC, RMCESV (mg/L).
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Fig. 3. Variable importance in projection (VIP) derived from the PLS model on the prediction of selected phenolic compounds. The thick black contour line indicates
the threshold value of VIP score. (A — Gallic acid; B — Protocatechic acid; C — Caffeic acid; D — p-Coumaric acid; E — (+)-Catechin).

acid, the selected variables with a VIP > 1.6 corresponded to the A
range of 260-290 nm and ey of 330-375 nm, and the PLS model was
characterized by a high predictive ability with a RPD value of 5.0. A
similar RPD value (4.7) was achieved for protocatechic acid using the
selected variables with a VIP > 1.0 in the A¢ range of 270-290 nm and
Aem Of 315-365 nm. Two significant wavelength regions (VIP > 1.4)
were selected for caffeic acid: (1) Aex from 260 to 280 nm and Aep, from
380 to 450 nm and (2) Aex at 330 nm and Ae, from 400 to 430 nm. This

PLS model was characterized by RPD of 4.4. The PLS model with the
highest predictive ability (RPD = 5.2) was obtained for p-coumaric acid
using the selected variables (VIP > 1.5) in the Aex range of 280-320 nm
and Aem of 370 —415 nm. PLS model with at least good accuracy was
obtained for (+)-catechin (RPD of 4.1). The selected variables were in
the XAex range of 270-290 nm and Aen of 300-340 nm. The cross-
validation results showed RMSECV values of 0.7, 0.5, 0.3, 0.2 and 1.0
mg/L for gallic, protocatechic, caffeic, p-coumaric acids and
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(+)-catechin, respectively. The remaining compound determined by the
HPLC method, caftaric acid, was not predicted from the above fluores-
cence spectra as caftaric acid occurred in only about a quarter of the
samples, which did not allow the development of reasonable PLS
models.

The number of studies dealing with the determination of phenolic
compounds in wines using fluorescence spectroscopy is limited. Previ-
ous work was focused on the use of fluorescence excitation-emission
matrix method and related complex chemometric methods in the anal-
ysis of red wines. In this way, totals of anthocyanins, flavan-3-ols,
hydroxycinnamates, flavonols, and totals of low molecular weight
phenolic compounds (sum of all flavan-3-ols, hydroxycinnamates, and
flavonols) as well as each compound separately were determined with
R2 between 0.91 and 0.98 and RMSE between 0.56 and 1.4 mg/L [37],
and vanillic acid, caffeic acid, epicatechin and resveratrol were pre-
dicted with R2 > 0.9 (RMSE not given) [38]. Monago-Marana et al. [19]
achieved the quantification of the content of the main phenolic com-
pounds (catechin, epicatechin, procyanidin B, chlorogenic acid and
neochlorogenic acid) in plum extracts with R2CV ranged from 0.54 to
0.89 and RMSECV from 0.05 to 0.29 mg/L using fluorescence spectra
recorded at Aoy of 280 and 330 nm.

4. Conclusions

The quality of a wine can be assessed using diverse physicochemical
characteristics, including the TPC, as phenolic compounds significantly
contribute to aroma, astringency, bitterness and color of the wine.
Fluorescence spectroscopy together with chemometric analysis is a
simple, fast and green alternative to the traditional FC method for the
determination of TPC in wine. To the best of our knowledge, this is the
first time that unfolded EEM fluorescence spectra have been combined
with PLS to determine TPC and individual phenolic compounds in
botrytized wines. Although the development of PLS models is time
consuming in the initial stage, the subsequent determination of TPC and
individual phenolic compounds is faster and cheaper compared to FC
and HPLC methods. Simultaneous determination of these parameters
can be important for monitoring the composition of wines during pro-
duction and quality control of products.
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